In this work, a thin film transistor (TFT) with Zr-doped aluminum-zinc-tin oxide (Zr-AZTO) semiconductor as active layer was investigated. The Zr-AZTO thin films were co-sputtered by ZrO 2 and AZTO targets (RF-Sputter) in Ar, and annealed at 350 • C in air atmosphere. With the discharge power of AZTO increasing from 100 W to 120 W, the content of Zr element decreases from 0.63 ± 0.01 at.% to 0.34 ± 0.01 at.%, and the oxygen vacancy decreases from (19.0 ± 0.1)% to (17.3 ± 0.8)%. The results of Zr-AZTO thin film show that the main factor is the co-sputter power of ZrO 2 target. With the co-sputter power of ZrO 2 increasing from 15 W to 45 W, the content of Zr element increases from 0.63 ± 0.01 at.% to 2.79 ± 0.01 at.%, the content of oxygen vacancy decreases from (19.0 ± 0.1)% to (14.1 ± 0.1)%, Eg increases from 2.76 eV to 2.86 eV, and the root mean square (RMS) roughness firstly decreases from 0.402 nm to 0.387 nm and then increases to 0.490 nm. The Micro Wave Photo Conductivity Decay (µ-PCD, LTA-1620SP) was used to measure the quality of Zr-AZTO thin film and the mean peak and D value decreases from 139.3 mV to 80.9 mV and from 1.54 to 0.77 as the co-sputter power of ZrO 2 increases from 15 W to 45 W, which means it has highest localized states and defects in high ZrO 2 co-sputter power. The devices prepared at 15 W (ZrO 2 )/100 W (AZTO) co-sputter show a best performance, with a µ sat of 8.0 ± 0.6 cm 2 /(V·S), an Ion/Ioff of (2.01 ± 0.34) × 10 6 , and a SS of 0.18 ± 0.03 V/dec. The device of Sample B has a 0.5 V negative shift under −20 V NBS and 9.6 V positive shift under 20 V PBS. Before this work, there were no reports about Zr-AZTO work as an active layer of a TFT device. In this paper, the Zr-doped AZTO (Zr-AZTO) thin film and TFT devices were prepared by co-sputtering, and how Zr element in the film influences the electrical properties of devices was investigated. X-ray photoelectron spectroscopy (XPS, Thermo ESCALAB 250 Xi) was used to ascertain the Zr content and the O 1 s peak which could represent the carrier concentration. With the discharge power of ZrO 2 increasing, the oxygen vacancy of Zr-AZTO films decreases, which means the discharge power of ZrO 2 target can adjust oxygen vacancy of Zr-AZTO films and the high concentration of oxygen vacancy was obtained with a low discharge power of ZrO 2 . The XRD measurement (PANalytical Empyrean, Cu X-ray target) shows that the Zr-AZTO films under different conditions are amorphous, which means the Zr-AZTO can be used on large-scale display because of its good uniformity. The localized states in the active layer which could affect the charge carrier mobility of TFTs were evaluated by µ-PCD. The µ-PCD shows that the Zr-AZTO has low density of localized states when prepared under a low discharge power of the ZrO 2 target. With high concentration of oxygen vacancy, low localized states, and an amorphous structure, the Zr-AZTO has the potential to apply on TFT devices.
Introduction
The research on metal oxide semiconductors (MOS) has drawn researchers' attention for several years. Due to its various advantages: visible-light transparency, great uniformity, high mobility and lower processing temperature, MOS materials have been applied on an active matrix display field to replace amorphous silicon (a-Si) [1, 2] . Amorphous indium-gallium-zinc oxide (a-IGZO) is the most conventional material [3, 4] , however, the low content in the earth and high cost of gallium and indium limit the application of a-IGZO [5, 6] . Therefore, new MOS materials without indium have attracted researchers' interest [7] [8] [9] [10] , and a non-indium MOS material (AZTO etc.) is a new choice to solve the problem of a-IGZO [11, 12] .
Materials and Methods
The TFT devices were fabricated on the glass substrate with a bottom-gate structure. First, 300-nmthick Al-Nd alloy layer was deposited as gate electrode by direct-current (DC) magnetron sputtering and chemically patterned by wet etching. Secondly, a 200-nm-thick Nd-doped AlO x layer was covered on the gate electrode by anodic oxidation. The glass substrate containing 300 nm Al:Nd was immersed in a 3.48 wt.% ammonium tartrate solution (volume ratio of glycol to ammonium tartrate is 3:1). Al-Nd was connected with anode and Pt was connected with cathode. A fixed current of 0.1 mA/cm −2 was applied and the voltage was increased linearly to 100 volts, then voltage was fixed at 100 volts and the current was decreased until it reached less than 1 µA. After the anodic oxidation, 200 nm in Al:Nd was oxidized into Nd-doped AlO x . Then a 20-nm-thick Zr-AZTO layer was formed by vapor co-sputtering process with 10 cm target-substrate distance in a 5 mTorr mixed atmosphere (Ar:O 2 = 20:1) at room temperature. To fabricate devices with a different Zr content, the ZrO 2 target (φ50.8 *6 mm) was sputtered by 15 W, 25 W, 35 W, and 45 W while the AZTO target (φ50.8 *3 mm) with an Al 2 O 3 :ZnO:SnO 2 ratio of 2:23:75 wt.% was sputtered by 100 W and 120 W. After that, the devices were annealed at 350 • C in air atmosphere. Finally, the 150-nm-thick Al source and drain electrodes patterned by shadow mask were deposited by 80 W DC magnetron sputtering. With the shadow mask, the channel width and Length was controlled at 500 nm and 700 nm. The electrical characteristics of the devices were measured by a semiconductor parameter analyzer in an air atmosphere. The Zr-AZTO films with different Zr content were tested by µ-PCD to reveal the concentration of carrier in the film and the relationship between the carrier concentration and electrical performance of devices. Table 1 shows the power combinations used to prepare the Zr-AZTO. The variate of Sample A and Sample B is the discharge power of AZTO, which is 120 W and 100 W. The variate of Sample B, C, D, and E is the discharge power of ZrO 2 target, which is 15 W, 25 W, 35 W, and 45 W. Figure 1 shows the Zr-AZTO XPS of Zr 3d, indicating that there are two peaks at 182 eV (Zr 3d 5/2 ) and 185 eV (Zr 3d 3/2 ), and the element zirconium is present in the form of ZrO 2 [13, 14] . From Sample A to Sample E, the Zr content respectively is 0.34 ± 0.01 at.%, 0.63 ± 0.01 at.%, 1.00 ± 0.01 at.%, Appl. Sci. 2019, 9, 5150 3 of 12 1.78 ± 0.01 at.%, and 2.79 ± 0.01 at.%. With the discharge power of AZTO target decreasing, Zr content increases from 0.34 ± 0.01 at.% to 0.63 ± 0.01 at.%. Figure 2a shows the two peaks merging together because of the low Zr content of Sample A. With the discharge power of ZrO 2 target increasing, Zr content increases from 0.63 ± 0.01 at.% to 2.79 ± 0.01 at.%, and the discharge power of ZrO 2 is the main factor of thin film Zr content.
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where I DS is the drain-source current, C i is the gate capacitance per unit area, W L is the channel width/length, V GS is the gate voltage, and V th is the threshold voltage. The SS is defined as the inverse of the maximum slope of the transfer curve:
For an oxide semiconductor, there are two recombination processes: shallow localized states and deep localized states. The shallow localized states can be evaluated by the D value and the deep localized states can be evaluated by the mean peak. The high peak level and the high D value respectively represent the low density of deep localized states and the low density of shallow localized states [24, 25] . It is known that the localized states could impose restrictions on the mobility of the semiconductor. Therefore, the low density of localized states can be conducive to the high mobility.
Combining Table 3 with Table 4 , it is found that the devices of Sample B can get the highest mean peak and D value, which means the density of deep localized states and shallow localized states reaches the lowest level at the same time. Correspondingly, the saturation mobility of Sample B is the highest level available.
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In conclusion, the Zr-AZTO TFTs of different co-sputter power were fabricated via the co-sputtering and annealed at 350 • C in amorphous air, while the thickness of active layer was controlled at 20 nm. The Zr content of Sample A~E was 0.34 ± 0.01 at.%, 0.63 ± 0.01 at.%, 1.00 ± 0.01 at.%, 1.78 ± 0.01 at.%, and 2.79 ± 0.01 at.%. The films of different power combinations had some similar physical properties, like a density of around 5.90 g/cm 3 , thickness of around 1.10 nm and transmittance of around 81.6%. After being calculated by Tauc's relation, it was found that the optical band gaps of Sample A~E were in the range 2.71 eV-2.86 eV. After annealing treatment, the films remain amorphous, which means the TFT with Zr-AZTO as an active layer has good uniformity. Due to the low standard electrode potential, Zr can suppress the carrier concentration to some extent. Therefore, in Figure 8b , with the increase of the Zr content, the on-state current decreases and the transfer curves shift to the positive direction. The O 1 s and Zr 3d spectrum measured by XPS can also indicate that the Vo percentage decreases as the Zr content increases. The µ-PCD was used to evaluate the localized states of Zr-AZTO active layer. For Sample B, the active layer got a highest carrier density and the lowest localized states. Correspondingly, the devices of Sample B reached a performance with a µ sat of 8.0 ± 0.6 cm 2 /(V·S), an Ion/Ioff of (2.01 ± 0.34) × 10 6 , and a SS of 0.18 ± 0.03 V/dec at 350 • C. The device of Sample B had a 0.5 V negative shift under −20 V NBS and a 9.6 V positive shift under 20 V PBS.
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